Salmonella causes a wide range of diseases from acute gastroenteritis to systemic typhoid fever, depending on the host. To invade non-phagocytic cells, Salmonella has developed different mechanisms. The main invasion system requires a type III secretion system (T3SS) known as T3SS-1, which promotes a Trigger entry mechanism. However, other invasion factors have recently been described in Salmonella, including Rck and PagN, which were not expressed under our bacterial culture conditions. Based on these observations, we used adhesion and invasion assays to analyse the respective roles of Salmonella Enteritidis T3SS-1-dependent and -independent invasion processes at different times of infection. Diverse cell lines and cell types were tested, including endothelial, epithelial and fibroblast cells. We demonstrated that cell susceptibility to the T3SS-1-independent entry differs by a factor of nine between the most and the least permissive cell lines tested. In addition, using scanning electron and confocal microscopy, we showed that T3SS-1-independent entry into cells was characterized by a Trigger-like alteration, as for the T3SS-1-dependent entry, and also by Zipper-like cellular alteration. Our results demonstrate for what is believed to be the first time that Salmonella can induce Trigger-like entry independently of T3SS-1 and can induce Zipper-like entry independently of Rck. Overall, these data open new avenues for discovering new invasion mechanisms in Salmonella.
INTRODUCTION
Salmonella Enteritidis, which induces enteric illness, is one of the most common causes of food-borne disease. Following ingestion, the ability of Salmonella to enter and survive successfully within host cells is an essential step in the infection process. Salmonella can thus infect a wide range of tissues and cell types. The best-characterized Salmonella invasion process requires a type three secretion system (T3SS-1) encoded by Salmonella pathogenicity island 1 (SPI-1) (Ly & Casanova, 2007) . In vivo studies with the Salmonella Dublin and Salmonella Typhimurium serovars have demonstrated that T3SS-1 is essential for intestinal colonization and is required to induce enterocolitis in bovine, rabbit and murine models (Wallis & Galyov, 2000) . However, several recent reports have suggested that Salmonella can be pathogenic without an active T3SS-1. For example, a Salmonella Senftenberg strain lacking T3SS-1 was isolated from a human clinical case and shown to be able to induce enterocolitis in a mouse model (Hu et al., 2008) . Moreover, Salmonella Typhimurium T3SS-1-independent enteropathogenesis has also been demonstrated in murine and bovine infection models, and in chicken caecal and small-intestine explants (Coombes et al., 2005; Desin et al., 2009; Hapfelmeier et al., 2005) . All these results indicate that in vivo T3SS-1-independent invasion mechanisms play an important role in Salmonella infection. However, few in vitro studies support these earlier reports by demonstrating that Salmonella strains lacking T3SS-1 still have the ability to invade Caco-2 cells or fibroblasts of diverse origins (Aiastui et al., 2010) .
cytoplasm to manipulate the cell cytoskeleton, allowing bacterial internalization (Ly & Casanova, 2007) . This entry process is referred to as the Trigger entry mechanism and has mainly been studied with epithelial cells. The concerted activity of these bacterial effectors has been shown to promote transient actin rearrangements. For example, SopE, SopE2 and SopB act by targeting the Rho GTPase proteins Rac, Cdc42 and RhoG, whereas SipA and SipC bind to actin directly, leading to a massive actin cytoskeleton recruitment (Ly & Casanova, 2007) . This actin rearrangement leads to an intense membrane ruffling which envelops the bacterium and triggers its internalization (Francis et al., 1992) .
In contrast to the Trigger mechanism, Salmonella can also invade cells by a Zipper entry process through the Rck outermembrane protein, which induces a local accumulation of actin, leading to a discrete membrane alteration (Cossart & Sansonetti, 2004; Rosselin et al., 2010) . Rck is sufficient to promote entry in a T3SS-1-independent manner. However, its contribution to Salmonella virulence remains unclear. It has been shown in vitro that rck expression is induced by SdiA (Ahmer et al., 1998; Rosselin et al., 2010) , a quorumsensing regulator, but the conditions of in vivo Rck expression have not yet been characterized. In addition to Rck, PagN is another invasin whose entry mechanism remains uncharacterized (Lambert & Smith, 2008) . This protein is specifically expressed in host tissues, and as its expression is regulated by the two-component system PhoPPhoQ, conditions of acidic pH and low Mg 2+ concentration are required for its optimal in vitro expression (Heithoff et al., 1997; Lambert & Smith, 2008) .
The respective roles of T3SS-1-dependent and -independent invasion processes in different cell types have not been studied. The aim of our research was thus to quantify these entry mechanisms in fibroblastic, epithelial and endothelial cells. Actin rearrangements and alteration of host cell membranes were analysed during invasion using confocal and scanning electron microscopy to identify the processes involved. (Kieda et al., 2002) . HBrMEC cells were cultured in OptiMEM 1+GlutaMAX 1 medium (Gibco) supplemented with inactivated 2 % fetal bovine serum and antibiotics.
METHODS
Bacterial strains and growth conditions. The S. Enteritidis LA5 wild-type strain (Nal R ) is a field isolate from infected chickens (AllenVercoe et al., 1997). Construction of the Drck mutant of strain LA5 (Nal R ), the Drck mutant complemented with a pUC19 vector carrying rck (Drck-rck) (Cb R ) and the invA mutant has been previously described (Fardini et al., 2007; Rosselin et al., 2010) . The invADrck mutant (Km R ) was obtained by transduction of the Drck : : Cm mutation from strain LA5 Drck : : Cm into the LA5 invA : : aphDT mutant using P22HT105int, as described by Schmieger (1999) . The Cm cassette was then removed using qCP20 according to the procedure of Datsenko & Wanner (2000) . The non-invasive Escherichia coli K-12 MG1655 strain was used as a control for infection assays (Wilson & Nickerson, 2006) .
Before infection experiments, Salmonella LA5 wild-type, invA, Drck and invADrck mutants and E. coli MG1655 strains were grown at 37 uC in tryptic soy broth (TSB) with shaking at 150 r.p.m. The cultures were then diluted 1 : 100 in TSB broth and incubated overnight at 37 uC without shaking. The Drck-rck complemented strain was grown in TSB and then diluted 1 : 10 or 1 : 100 in TSB broth with or without 1 mM IPTG, respectively, and grown for 3 h at 37 uC with shaking at 150 r.p.m.
When necessary, the following concentrations of antibiotics were added to the bacterial cultures: kanamycin (Km), 25 or 50 mg ml 21 ; nalidixic acid (Nal), 20 mg ml 21 ; carbenicillin (Cb), 100 mg ml
21
.
Adhesion and invasion assay. Cell monolayers were grown in 24-well tissue-culture plates (Falcon) for 3-4 days to obtain a confluent monolayer. Before infection, cells were incubated overnight in medium without antibiotics. They were infected for 30 or 90 min at 37 uC with a bacterial suspension in DMEM without fetal bovine serum. Control experiments were first performed at an m.o.i. of 5 : 1, 10 : 1 or 50 : 1. As the same proportions of entry between the invA mutant versus the wild-type LA5 strain were obtained at the different m.o.i. values, we chose to perform the infection assay at an m.o.i. of 50 : 1 to reach the detection and precision thresholds when counting internalized bacteria in all the cell lines. For adhesion assays, after bacteria-cell contact, cells were gently washed at least four times with PBS, pH 7.5, and then lysed with 1 ml cold distilled water. Viable bacteria (intra-and extracellular) were counted after plating serial dilutions on tryptic soy agar (TSA). The number of internalized bacteria was quantified using a gentamicin protection assay to kill extracellular bacteria, as previously described (Velge et al., 1994) . After 90 min incubation with 100 mg gentamicin ml 21 (Gibco), cells were washed and lysed by adding 1 ml cold distilled water. The number of internalized bacteria released from the cells was counted, following the same procedure as for adhesion assays.
Immunofluorescence microscopy. MA104 cell monolayers on coverslips were incubated overnight at 37 uC in a humidified atmosphere at 5 % CO 2 in cell culture medium without antibiotics before the addition of bacteria (m.o.i. 50 : 1). After incubation for 30 min in an appropriate medium without fetal bovine serum, cells were washed in PBS to remove bacteria. In brief, after 4 % paraformaldehyde fixation of the monolayers, extracellular bacteria were stained with an anti-Salmonella monovalent O : 9 serum (BioRad) followed by incubation with Alexa 568-labelled goat anti-rabbit antibodies (Molecular Probes, diluted 1 : 200). Cells were permeabilized for 5 min with 0.2 % Triton X-100, and total bacterial numbers were determined by staining with a monovalent Salmonella O : 9 antiserum followed by Alexa 488-labelled goat anti-rabbit antibodies (Molecular Probes, diluted 1 : 200). Actin was stained with Alexa 647-labelled phalloidin (Molecular Probes, diluted 1 : 50). In this way, internalized bacteria (green) were distinguished from extracellular bacteria (yellow, due to an overlay of red and green fluorescence), and epithelial cells were visualized by actin staining. Finally, coverslips were mounted in fluorescence mounting medium (Dako) and analysed with an Olympus FluoView 500 confocal laser-scanning microscope.
For double staining of actin and Salmonella, fixed and permeabilized MA104 cells on coverslips were reacted with an anti-Salmonella monovalent O : 9 serum and then incubated with Alexa 488-labelled goat anti-rabbit antibodies. Actin was stained with rhodaminephalloidin (Sigma; diluted 1 : 100). Finally, coverslips were mounted in fluorescence mounting medium and analysed with an Olympus FluoView 500 confocal laser-scanning microscope.
Scanning electron microscopy. For scanning electron microscopy analysis, 3T3 cells on coverslips were incubated with bacteria at a bacterium : cell ratio of 100 : 1. After 30 min at 37 uC of bacteria-cell contact, cell monolayers were washed in PBS and fixed in a mixture of 4 % paraformaldehyde and 1 % glutaraldehyde in PBS (0.3 M, pH 7.4) for 1 h. Cells were washed overnight with PBS, pH 7.4, and dehydrated through a graded series of 50, 70, 90 and 100 % acetone. After that, they were CO 2 critical point-dried and coated with a thin layer of platinum on a JEOL JUC 5000 sputtering coater. Samples were observed using a Zeiss Gemini 982 field emission gun scanning electron microscope (FEGSEM).
SDS-PAGE and Western blot analysis. Total protein lysates from 2610 8 bacteria of the LA5 wild-type strain, Drck mutant and Drck-rck complemented strain were denatured in SDS sample buffer. Separation of the proteins was performed using SDS-PAGE. For immunoblotting, proteins were transferred electrophoretically onto nitrocellulose membranes. Sheets were blocked for 1 h with PBS/5 % non-fat dried milk at room temperature, and were incubated with a polyclonal rabbit antiRck (diluted 1 : 2500) followed by a peroxidase-conjugated secondary anti-rabbit antibody (Pierce, diluted 1 : 50 000). Detection was carried out using a chemiluminescence detection kit (ECL, Amersham).
Statistical analysis. Data were analysed with a parametric paired Student's t test using INSTAT v2.03 software.
RESULTS
Salmonella T3SS-1-independent entry plays a more important role in fibroblasts and some epithelial cells compared with enterocytes and endothelial cells
In order to determine the respective contributions of the T3SS-1-dependent and -independent processes in different cell types, we compared the ability of a non-invasive E. coli strain (K12), the wild-type S. Enteritidis LA5 strain, and a mutant strain lacking the invA gene that is unable to express a functional T3SS-1 apparatus (invA mutant), to adhere to and invade different cell types. Permissivity to the T3SS-1-dependent and -independent mechanisms of fibroblasts (3T3), polarized enterocytes (HT29), and epithelial (MA104) and endothelial (HBrMEC) cells was tested after 30 and 90 min of bacteria-cell contact. Adhesion to these different cell types occurred in a similar way for all three strains (Fig. 1a, b) . The T3SS-1-dependent entry corresponds to the difference in invasion between the wild-type LA5 strain and the invA mutant, whereas the T3SS-1-independent entry corresponds to the difference in invasion between the invA mutant and the E. coli strain. We observed that T3SS-1-independent processes differed between cell lines. Fig. 1(c, d) shows that T3SS-1-independent entry plays a minor role in HT29 enterocytic cells, as fewer than 3.6 % of Salmonella without T3SS-1 invaded cells after 30 and 90 min of interaction (Table 1) . In contrast, the 3T3 and the MA104 cell lines were nine-and 11-fold more permissive to T3SS-1-independent entry than HT29 cells at 30 min of infection. Indeed, 32 and 19 % of Salmonella without T3SS-1 invaded the 3T3 mouse fibroblasts after 30 and 90 min of interaction, respectively, and 40 and 23 % of bacteria entered MA104 epithelial cells via the T3SS-1-independent entry pathway after 30 and 90 min of infection, respectively (Fig. 1c, d , Table 1 ). The invasion level of the invA mutant was significantly higher than the non-invasive E. coli invasion level for all the tested cell types, demonstrating the specificity of the T3SS-1-independent invasion mechanisms. However, with the HBrMEC endothelial cells, the E. coli entry exceeded 4 log cells (Fig. 1c, d) . This high invasion level can be explained by the fact that a uropathogenic E. coli strain is able to invade HBrMEC cells using the FimH adhesin (Khan et al., 2007) . As FimH from E. coli strain K1 shares 99.7 % similarity with that of the K12 strain, FimH would also promote internalization of E. coli K-12 into HBrMEC cells. According to the result obtained with E. coli, it is therefore difficult to draw any conclusions about the specificity of the Salmonella invasion levels in HBrMEC endothelial cells.
For all these cell types, the part played by the T3SS-1-independent mechanisms compared with the T3SS-1-dependent mechanisms was greater after 30 min than after 90 min of infection (Fig. 1c, d ). This result suggests that T3SS-1-independent invasion processes take place earlier than the T3SS-1-dependent mechanism.
Overall, these results demonstrate that T3SS-1-independent mechanisms are used differently by Salmonella according to the cell type, and play a greater role in 3T3 fibroblasts and MA104 epithelial cells than in enterocytes. Because T3SS-1-independent invasion processes could be visualized most clearly with MA104 and 3T3 cells, these cells were used for subsequent experiments.
To confirm the T3SS-1-dependent and -independent invasion processes of the S. Enteritidis strain, adherent and intracellular bacteria were identified by confocal microscopy (Fig. 2) . MA104 cells were infected with the LA5 wild-type strain and the invA mutant. Using double fluorescence (red and green), adherent bacteria appeared yellow (Fig. 2a-c) , whereas intracellular bacteria appeared green due to single fluorescence (Fig. 2c) . To visualize the cells, actin was stained blue (Fig. 2d) . As observed for the adhesion and invasion assays, the wild-type strain and the invA mutant were internalized into MA104 cells, confirming that Salmonella was able to adhere to and invade cells with and without its T3SS-1.
T3SS-1-independent invasion mechanisms induce either a massive or a local actin cytoskeletal rearrangement, leading to intense or discrete membrane alteration
As cellular actin cytoskeleton rearrangement enables the different bacterial entry mechanisms to be differentiated, Salmonella T3SS-1-independent invasion mechanisms we investigated the organization of actin microfilaments during T3SS-1-dependent and -independent uptake within MA104 epithelial cells using confocal microscopy (Cossart & Sansonetti, 2004) . F-actin was labelled red with phalloidin conjugated to rhodamine, and Salmonella cells were localized with an anti-O9 antigen antibody labelled Three independent experiments were performed with two infected wells evaluated per condition. The difference in invasion between the invA mutant and the non-invasive E. coli strain was statistically significant for all the cell lines tested (P¡0.02), showing the specificity of the Salmonella T3SS-1-independent entry. The difference in invasion between the invA and the wild-type strains was significant for HT29 cells (P,0.001) and 3T3 cells (P,0.05), but not significant for the HBrMEC and MA104 cells.
green (Fig. 3) . Internalization of all the wild-type LA5 S. Enteritidis bacteria into epithelial cells was characterized by a massive actin rearrangement at the bacterial entry site in the presence of both scattered cells and clumps of bacteria (Fig. 3a) . Interestingly, the entry process of the invA mutant induced either a local or a massive actin accumulation at the engulfment site (Fig. 3b) . Moreover, some actin remodelling observed with the invA mutant was similar to that described for the Zipper entry process mediated by Rck (Rosselin et al., 2010) . Local actin accumulation was best visualized with scattered bacteria. However, when clumps of bacteria were associated with massive actin rearrangement, it was impossible to distinguish the potential local actin rearrangements induced by the other bacteria that co-localized from the massive actin rearrangement. It was therefore not feasible to quantify the local versus massive actin accumulation in these experiments.
The intensity of cellular actin rearrangements is generally correlated with the degree of surface membrane alteration.
To visualize in detail the entry processes, the interactions of the wild-type LA5 strain and the invA mutant with 3T3 cells were analysed using scanning electron microscopy (Fig. 4) . As expected, characteristic intense membrane ruffles were observed during invasion by the wild-type strain (Fig. 4a) . Moreover, no discrete membrane rearrangement was observed for this strain. In contrast, during its internalization, the invA mutant induced both discrete surface alterations and intense membrane ruffling (Fig. 4b, c) . These results are consistent with the observation of cytoskeleton remodelling, confirming the correlation between actin remodelling and the alteration of the cell surface. Overall, these results suggest that T3SS-1-independent mechanisms consist of several invasion factors which are characterized by both discrete and intense membrane rearrangements.
Rck is not involved in cell invasion of the invA mutant
Rck is known to be involved in Salmonella invasion in a T3SS-1-independent manner, and is poorly expressed at the different growth phases (exponential, stationary, with Salmonella T3SS-1-independent invasion mechanisms and without shaking) in standard in vitro culture conditions (Kim & Surette, 2006; Rosselin et al., 2010) . To investigate whether Rck was involved in the in vitro invasion assays described above, we analysed Rck expression under the conditions used for those experiments. For this purpose, the expression of Rck in the following sets of strains was analysed by Western blotting: (i) the LA5 wildtype strain, (ii) the invA mutant, (iii) an LA5 Drck mutant, and (iv) an LA5 Drck mutant carrying puc19-rck (Drck-rck) grown with or without IPTG to allow a low or high expression of Rck. Fig. 5 shows the presence of Rck in the positive control LA5 Drck-rck strain, but it was not detected in the LA5 wild-type strain, the invA mutant or the Drck mutant. These results demonstrate that Rck was not expressed under our culture conditions.
To obtain clear evidence that the above-demonstrated T3SS-1-independent entry mechanisms into cell lines do not involve Rck, a double mutant strain (LA5DrckDinvA) was constructed. Adhesion and invasion assays showed that rck deletion did not significantly reduce the entry of S. Enteritidis into MA104 and HT29 cell lines compared with the wild-type strain and the invA mutant (Table 2) . These results indicate that Rck is not involved in Salmonella T3SS-1-independent entry under our infection assay conditions.
Overall, these data demonstrate for what is believed to be the first time that S. Enteritidis possesses non-identified invasion factors.
DISCUSSION
Salmonella serovars possess diverse host specificities and induce distinct disease symptoms. For a long time it was assumed that cell invasion by Salmonella was only associated with its T3SS-1, which induces a Trigger mechanism. However, some studies have reported that Salmonella strains lacking SPI-1 are able to induce enterocolitis both in humans and in mouse and bovine models (Coombes et al., 2005; Hapfelmeier et al., 2005; Hu et al., 2008) . The present study confirms that although T3SS-1 is the main in vitro Salmonella invasion factor for all the cell lines tested, T3SS-1-independent processes can play a not insignificant role. Their relative importance depends on the cell type and the cell line. Among the cell types tested, 3T3 fibroblasts and MA104 kidney epithelial cells were the most permissive for these mechanisms, allowing one bacterium out of three to enter independently of T3SS-1. In contrast, HT29 human enterocytes were not susceptible to the T3SS-1-independent entry mechanisms, as less than 4 % invasion occurred with the invA mutant. This result is consistent with T3SS-1 being the key factor for invasion of the intestinal barrier (Wallis & Galyov, 2000) . This heterogeneity in the invasion profiles of the different cell lines and types demonstrates a cell specificity of the T3SS-1-independent mechanisms and could play a role in the host specificity observed in Salmonella. These results are in line with data published by Aiastui et al. (2010) , who reported that Salmonella Typhimurium can invade rat and mouse fibroblasts from primary cultures or cell lines via different T3SS-1-independent mechanisms. Our study supports the idea that the heterogeneity of Salmonella invasion mechanisms is not restricted to fibroblasts.
Rck is an outer-membrane protein involved in Salmonella internalization independently of T3SS-1 (Rosselin et al., 2010) . We measured its expression using Western blotting and showed that the Rck expression level was undetectable under the conditions used for the cell infection assays. This is consistent with the literature, as rck is expressed at a very low level in standard culture conditions (Kim & Surette, 2006; Rosselin et al., 2010) . Moreover, under standard in vitro culture conditions, a Drck or an invADrck mutant is not altered in invasion compared with the wild-type and the invA mutant strains (Rosselin et al., 2010) . All these data clearly demonstrate that under our conditions Rck is not involved in the T3SS-1-independent entry processes. In addition, the fact that pagN expression is induced in vivo but poorly induced under standard in vitro culture conditions also suggests that PagN is not involved in T3SS-1-independent entry mechanisms (Heithoff et al., 1997; Lambert & Smith, 2008) . We suggest that other unknown invasion factors are required for internalization of the invA mutant into cells.
Microscopy analysis of Salmonella invasion revealed that engulfment of the LA5 wild-type strain was characterized by a massive actin accumulation and an intense alteration of the cell surface at the bacterial entry site. These results are consistent with the literature, which reports that massive actin remodelling and cell surface rearrangements are induced by a Trigger entry process that requires T3SS-1 (Cossart & Sansonetti, 2004) . No local actin accumulation or discrete membrane alteration was observed for this strain. One explanation could be that local actin accumulation and discrete cell surface rearrangements are hidden by more intense rearrangements. Another possibility is that the invA mutant adapted to the absence of its T3SS-1 by expressing alternative invasion factors. Interestingly, observation of the invA mutant invasion process showed both local and massive actin accumulations, as well as discrete and intense membrane rearrangements. These observations show that a number of invasion factors other than PagN and Rck could be involved in T3SS-1-independent mechanisms to induce these different membrane alterations. Moreover, cell engulfment of the invA mutant by massive actin remodelling and intense cell surface rearrangements demonstrates that the Salmonella-induced membrane ruffling is not linked to the T3SS-1-dependent entry process alone. This observation suggests that other Salmonella factors may induce a Triggerlike invasion process, opening possible new avenues for understanding Salmonella entry mechanisms. Identification of these factors is needed to confirm the induction of these Trigger-like entry mechanisms and to understand fully the Salmonella invasion systems. We can postulate that other poorly characterized Salmonella factors, such as the Fig. 5 . Expression levels of Rck in the infection assay. Rck expression in the LA5 wild-type strain (WT), the invA mutant (invA), a Drck mutant (Drck) and a complemented Drck strain carrying puc19-rck (Drck-rck) was verified by Western blotting using a specific anti-Rck antibody, as described in Methods. The image is representative of two independent experiments. type IV and type VI secretion systems, may promote host cell membrane ruffling (Angot et al., 2007; Filloux et al., 2008) .
Until recently, it was accepted that Salmonella enters cells only via its T3SS-1. Our data and those from other studies clearly show that Salmonella is able to use several Trigger and Zipper processes to enter cells. The new paradigm presented here should modify the understanding of the mechanisms that lead to the different Salmonella-induced diseases. In numerous infections, cell tropism plays a key role in pathology. Moreover, some studies have also shown that both bacterial behaviour and host responses differ according to the entry mechanism (de Chastellier & Berche, 1994; Miao et al., 2010) . It is thus important to identify the different entry pathways used by Salmonella to invade host cells in order to analyse the consequences for the host response, in particular concerning the induction of intracellular PRRs (pattern recognition receptors) which determine the innate immune response (Delneste et al., 2007) .
